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THE JOSEPHSON JUNCTION AS A DETECTOR OF - MICROWAVE
AND FAR INFRARED RADIATION - : _ v

P, L. Richards

Department of Physics -and Inorganic Materials Research DiViSion, and
Lawrence Radiation Laboratory, University of- California, Berkeley, Ca. 9&720

I. INTRODUCTION

The macroscopic quantum phenomena associated with'the_euperconducting
state provide a unique bridge between the microscopie qnantum "world"
: - . _ S !
and the‘maoroscopic vorld of everyday experience. .They are, therefore,
much studied because of their intrinsic interest. For the purposes
of thisfvolume, however, we will consider only tbose aeneots of the
phenomena vhich involve the interaction,of electromaénetic waves with
weak links between superconductors. |

Most of those effects discussed here were predicted theoretieally
by B. D. Josephsonl from the gquantum theorylof tunneliné throngh aithin
oxide berrier between two plane sﬁpercondncting films.' ihe tunneling
current through such a Junction has been studied extensively. It can
be divided into two parts: eingle partiele tunneling and JoSepbson
tunneling. The first to be discovered was the tunneling of individual-
electrons or quasiparticles, which usnally dominates the dc current |
when voltages comparable t0'the energy gap are applied. This effect has
been widelv used for the study of the energy gap in the density of states
for excitations from the superconducting ground state.2 .Josephson
showed that correlated "snperconducting" pairs of electrons will elso.v
tunnel and should allow current flow with no essociated'voltage'drop.‘
This Josephson current is extremely sensitive to electromagnetic fields
in a way which permits the construction of a variety of sensitive T
detectors of radiation'at frequencies.up to the far-infrared. Regenerative
and heterodyne, as well as video modes of detection,‘are possible.

The fundamental limit on the frequeney response of all such devices

-is set by the gap energy of the superconductor employed. Radiation with
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quantum energies large compared with this gap excites particles from the
~ ground state of the superconductor and thus interacts in a way more
charactéristic of a normal than a supérconducting metal. The energy
gap 24 is typically 3.5 - 4 ch where Tc is the criticai temperature of
the superconductor. Calculations by Riede13 and by Werthamer
summarizéd in Fig. 1 show that the kernel which determines the frequency
dependence of the Josephson current aﬁplitude peaks at 2A and has a
‘ reasonable amplitude at.frequencies at least as high as 4A. Josephson
effect detectors made from NE with T ~ 8°K should thus operate at

frequencies above 50 cm_l, while compound superconductors such as Nb
1

_ . 3Sn
with Tc ~ 17°K should in principle be useful well abqve 100 cm
II. THE ALTERNATING CURRENT JOSEPHSON EFFECT
'An elementary discussion of the ac Josephson effect intended for
the uninitiated is presented in this section. Readers who are familiar
with the effect may wish ﬁo skip to Section III. Any discussion of the

Josephson effect musf be quantum mechanical since no valid classical
descfiption is known. The wave function, or order parameter, for the
superconducting state can be written in the simple form ¥ = woéie, where
the phase factor is a function of both position and time. Josephson's
calculations showed that his lossless pair tunneling current depends on

A8 the phase difference between the wave functions for the superconductors

on the two sides of the tunnel junctionl
I= I sin A6. : (1)

Here I0 is the maximum zero-voltage current which can be carried by the
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Junction.

We will consider the effect of the finite potential drop V across

an oxide barrier which occurs when Io is exceeded. - The quantum theory

- of tunnelingl then predicts a time dependence of the phase difference

ha(80) _ pey. . (2)

at
This result for superconductors is analogous to that obtained from the

elementafy’quantum mechaniés_of a single particle system; If we assume

a wave function of the above form and use Schrddinger's equation for a

sipgle'particle, -ih@ = }, the time dependence of the phase difference
A6 between tvpvstates is hd(A6)/dt = .AE. 1In Josephson's result (2) for
the shperéonducting tunnel Junction, the chemical.potential differénce or
change in system energy 2eV when a supercéndpcting pair moves from one
side,of thé barrier to the other plays_the role of AE,'fhé energy
differehée‘between.the two singlé particle states.

}If,the vbltgge Vo is constant in iime, Eq. (éj,can be iqtegréted
to give A = 2eVot/h + Oo. Equation (1) then prediéts'gn‘alternating
current flow across the barrier ét the frequency wo = 2eV0/h. The
Josephsbn Junction is thus a quantum mechanical oécillator.. Its fréquencyr
can be high since.wo/QW = L8h GHz/mV. The existepce of this Josephson

5.6 micfowa?e radiation

emifted gt the frequengy wo. The ac Josephson currents were first
detected, however, by an easier experiment.7 An alternating voltage

1 1 1

V. cosw.t at a microwave freguency w, was induced across the barrier in
eddition to the steady voltage V_ . Equation (2) then yields
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A = (2eVot/h) + (2ev sin@lt/hwl) + 8.,

1

so from Eq. (1)

I(t) = I_ sin [(2eV_t/h) + (2eV /hw ) sinwt + 6_]. (3)

1

:

This equation shows that the frequency of I(t) is modulated by the

microwave frequency w,. It is usual to expand such expressions using

1
the relations
m -
cos (X sina) = 2 J (X) cos(na)
. n=-o n
and -
(2]
sin (X sina) = 2 Jn(x) sin(no)
ns=-o

vhere Jn(X) = (—l)nJ_n(X) is Bessel's function of order n. Choosing the

value B°'= /2 which corresponds to a maximum zero-voltage current
(Vo =w, = 0) and using standard trigonometric identities, we obtain
- @ 2eVl ' '
I=1 Z. I \go ] cos (wo + nml)t. ()
nx~o 1

The junction is thus a nonlinear device in which the Josephson currents
beat with the induced ac signal. In order to operate it as a detector

we measure the zero frequency beats which occur when u6+ nwl = 0. Then

n 2eVl
Ije = I, (-1) I —hal— . (5)

A lossless contribution to the dc current appears whenever the voltage
is adjustedvso that the ac Josephson frequency ug= 2eV0/h equals

harmonics of the microwave frequency.wl. The amplitude of this dec beat

-
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current is given by.Bessele functidns‘ln(2evl/hwi)é uhere n is the
order of the harmonic.

_ The observation of constant voltage steps onfthe-IeV.chafactefistic
_of a Josephson junctlon placed in a microwave fleld thus verifies the

ex1stence of the ac. Josephson currents Examples of such.I-V characteris-

tics are shown ln'Flg. 2. This experlment has considerable practical

importance. Careful measurements of the applied microwave frequency

and the voltage at which the steps occur have recently yielded the best

8

numer1ca1 value for the ratio of fundamental constants e/h.

III. HETERODYNE DETECTOR WITH JOSEPHSON FREQUENCY AS
- LOCAL OSCILLATOR _ |

The cohstaht—ﬁoltage steps shown in Fig. 2 can be ‘interpreted as

a zero frequency beat between the nth harmonic of the induced ffiradiation

and the ac Josephson current. A type of heterodyne detector is thus

obtained if the<height'of one of the steps is monitored. For small values .

of the signal voltage

k(™ : - (6)
dc n! hwl - : ' '

so that measuring the n=1 step gives a linear detector, the n=2 step a

square law detector, etc. -

Most applications of a Josephson junction as a radiation detector

1require the measurement of the ampl1tude of a constant—voltage step.

This is usually done by biasing the Junction with a constant current in
a region.of high differential resistance (small slope) associated with

the step as is shown in fig. 3a. As the height of the step changes due

to a modulated rf signal, the junction voltage varies at the modulation

EX
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frequency. A conventional lock-in amplifier is then used to extract the
signal. In this method tﬁe output signal is proportional to the differential
resistaﬁce and thus, approiimatély, to the step height.

The attractively simple heterodyne detector deséribed above has
several defects relatéd to this méthod of méasuring step height. It
cannot be used for smail‘signals since a large radiation~induced step is
needéd for high sénsitivity. Good frequency selectivity is also difficult
to obtain in practice froh a Josephson Jjunction operated in this mode.
This'measureﬁent of the heigﬁt of a given step is also senSitiveﬁto
changes in the I-V curve due to neighboring steps so that a range of
frequenéies is detected. |

An altérnative bias scheme which has not yet been used may reduce
some of these limitations. A constant voltage bias can be achieved by
passing.a constant current through a very small resistance (perhaps 10_69)
in paraliel with the junction. A transformer coupled superconducting
galvanomefer9 in series with the Junction can then be used to'measure
thé current. In order to measure the height of a step, the voltage
| shouid be modulated with small amplitude about the step voltage and the
resulting ac current measured as shown in Fig.. 3b. A detector operated
in this way is sensitive to the rate of change of Idc with Vl’ Vi, .o
etc.,:without the requirement of a large ste§ to produce a region of
high differential resistance. It should thus be sensitive to small
signals aﬁd also relatively insensitive to changes in ﬁhe I-V curve
due to steés outside the range of the bias voltage modulation. |

Several defects of the'hetérodyne detector described here remain

even:'with constant voltage bias. In a conventional heterodyne detector
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‘the small signal reéponsivitj can be raised by increasing the local
6séillat§r'voltége. In'éufxéaSe,.thevac Josephsénvcurrént is'iimitgd
bybjupction‘paraméférs to'unfavorably small valués. In addition,.
béééﬁselof the extreme non-linearity of its response, a Josephson

- Junction biased to detect the nth step for a signal frequency wy has

" comparable senéitivity to signals at all_subharmonics'of w If other

10,11

1

types of weak-iink structures are used, sensitivity can also occur

 §t'harmonics of w, . |
 Iv. BROAD BAND VIDEO DETECTOR -

In the iimit of small rf signal, only the step at zero voltage (the.
zero véltage current) has finite amplitude. Since with conventional
cons£ant-cufrent bies, thevsensitivity with which a cﬁange in step
height is megsured increases with sﬁep height,'a:pfactical &etector for
small éignéls'can beimade by Biasing the Junction so‘as to monitor the
iero:volﬁage_curréﬁf. Siﬁée n=0 fbf this Vo#b step5 the cqndition for
directvcurrent, 2eVo/h = inwi is automatically satisfied for all w, .

This broad band detector has a square-law responée for small signals.

From-Eq. (5) S . . : h

daI -1 :
de _ o f2e Y}
2 L (hw : ' (7)
1 .

av
The spectral response of point contact detectors of this type,
ﬁhiéh were first studied by Grimeé, Richards,_and Sh'a.piro,12 is strongly
»conditionéd by several fact&rs which tend to mask the Riedel singularity
shown in Fig. 1. These include the ml-e dependehce of the square-law

response from Eq. (7) as well as the effects of junction capacitance .

and resonances in the surrounding structures. Figs. 4 and 5 show extremes



8- UCRL-19035

of spe;tral responSe resulting from various methods of constructing and
mounting point contact Josephson junctions. Because thé observed
responsé peaks aré uncorrelated with thé énérgy gap frequency, it seems
safe to say that these results are dominated by cavity resonances rather
than the Riedel singularity.
V. REGENERATIVE DETECTOR

As wé have seén, the presence of cavity resonances coupled to a |
JosepﬁSon Junction strongly affects ité response as a broad band detector.
Thé theory of the Jésephson effect has been extended to include such
effects.lz This theory is .rather too involved to present in detail, but
a sinplified summary can be given. The voltage V(t) across the Junction
is obtained by treating the resonant cavity as a driven harmonic oscillator
with frequency wc, and damping constaﬁt Y.
[ 42 d 2\ 2ev(t) _ - ,
(—-—+YE€+M )—-————-—h = F(t). . (8)

dt2 c

/

The.cavity is driven by both the Josephson current I{t) in the junction -

cos (wl t + ¢).

and the applied rf voltage Vl

aI

F(t) = A at + BV cos(u)l t,+ ¢) (9)

1

where the Josephson current, as usual, is

12V Y  2e ot S
I(t) = I_ sin e AL S [P vlenasr + /2], (10)

Here & and B are coefficients which measure the coupling of the Josephson
current to the cavity response and the coupling of the applied radiation
to the cavity respectively. This non-linear differential equation was

solved for V(t) and the resulting I o computed by Werthamer and Shapiro12

4
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for the case'Vl=0. They found that when thebdc'voltage is adjusted-

to a cavity mode, 2eVo = hwc; the Josephson current can excite the
cavity mode with sufficient amplitude that steps are induced on the I-V
curve similar to these produced by an external monochromatié rf voltage.

: L,
' were first reported by Fiskel “in self-resonant

15

Such "cavity mode steps'
revaporatéd film Juncfions and aré also séen for point contéct'Junctions
in a resonant cévitj.

Thésé self—inducéd éavity mode steps have been used by Richards and

Stérlingl6 to construct a regenerative detector. They used the constant

cufrent technique illustrated in Fig. 3a to measure the responsé of

the’éavity mode stép to broadband rf radiaﬁion. In order_fd interpret
their results they extehded.thé»theory,of Wertﬁamer and Shapiro

to the case of apﬁlied rf in the vicinity of the cavify méde’fréquency,
W ; w, = &, and computed the step height, I, , as a functién of Vv, and
ml.' Theiresults of this calculation can best be summarized by reference
.tO'the_simplified-regenerative receiver circuit shown in Fig.:6. If the
feedbaék'IOOp is broken, a signal from the antenna passes ﬁhrough a

v resoﬂanﬁﬂband-pass filter characterized by wc and quality factor

w _
Q = £ and then through an amplifier to a detector. This is the case

c Y

of'broadbahd response when the Junction is biased so as to meésure the
zero voltage current. The frequency response is multiplied by a -
Loréntzian resonance factor due to the cavity to which the junétion is
coupled. The broadband respénse 6f Section IV can‘thus be uéed to - :
measure Qc. If, on the other.hand, the junction is biased.so that

W, =W, the Josephson radiation excites the cavity mode and is fed back

tq the Junction in such a way as to create a step, the feedback loop in
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Fig. 6 is then closed with positive phase. As the loop gain G is increased
the'respopée Qp = (1—-GL)_l of the receiver increases. When G, =1 thé receiver
will oscillate around the loop. The calculated normalized spectfal response
of the resonant junction.is shown in Fig. %. As the feedback parameter T
increases, the detector response sharpens from the Lorentzian cavity mode -
at I'=1 t; oscillaﬁion for T =2 2.9,

The operation of a regenerative detector of this type is in good
quélitative agreement with the theory outlined here.l6 Fig. 8 shows a plot
of the I-V éurve, the diffefential resistance, and the sensitivity to a
modulated blackbody source of a resonant point contact junction. The broad-
band response of Section IV dominaﬁes the sensitivity plot, but a sméil peak
due to the regenerative response is also seen. ' The spectral response of a
regéherative’detector measured using a blackbody source and far infrared
Fourier transform spectroscdpy is shown in Fig; 9. Although'the peak is
not resolved, thg effect of feedback narrowing is clearly seen. The
rés'ponse:QR is estimated in this case to be at least 100 times gfeater than
the cavity'QC = 10 meas;red from its influence on the broadband response
discﬁséed in Section IV,"It is a property of the Fourier transform method
that non-square law response of the detector generates spurious harmonicé ’
in the computed spectra. The absence of harmonic peaks in spectra such as
.Fig. 9 confirms the predicted squére—law response of the regenerative detector. i
A linear response is also éxpected, but only within a very narrow bandwidth
around wc determined by the post-detection time_consfant. This linear
responSe is negligible in experiments with broadband sources, but may be
important under other conditions. It is essentially heterodyne detection

with the cavity mode as local oscillator.

The regenerative detector has several favorable features. It is a
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sensitive narrow-band device whose frequency and QR can be_selécted
overva wide range by propervcavity design. If the cavity has several:
resonances coupléd strongly to the junction, narrow band detection can_

be obtained at each frequency simply by adjusting Vo to-the’region of
‘ .

high differential.resistance caused by the appropriate cavity mode step.
VI. MIXER

Many of the undesirable features of the type of Heterodyné receiver
y ' : _ - : | ' '
-described in Section ITY can be avoided by using the Josephson Junction

as a mixer in connection with an external local oscillator. The mixing

[}

properties of point contact Josephson Junctions have been studied by Grimes

and Shapirol7 using the theory of Section II. If we induce two alter-

nating voltages across the barrier,

vV = Vo + Vl cos (wl t + 61) + V2 cos (w2 t + 62), (11)

then Eq. (4) becomes

| of <2évl) (2eV2) . R
I=1 7 |- B sin[wt_+9 +nwt +6.)
© pim=—e P hw, J "m\ huw, o o 1 1

+ m(wzt + 62)]f _ (12)

Eq. (12) is the general expression for the Josephson currents at all
frequencies and voltagés.in the presence of tﬁo applied rf voltages.
it preducts the appearance of dc-(current) steps whenever
wo + nml + mw, = 0, whére n and m are integers with all positive and
negative values. These include the familiar steps expeétéd for each

frequency acting separately, as well as steps spaced by multiples of

the difference frequency Wy, - w, from the steps associated with each
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freQuency acting alone. These extra steps which are illustrated in
Fig. 10 are evidence for mixing in a Josephson Junction. As is the
case of 90 in Eq. (3), Eq. (12) contains a phase factor which is
fixed by the amount of zero-voltage current driven through the Jjunc-
tion by the external source. For simplicity we will again limit
our consideration to detectors biased so as to measure the maximum
zero-voltage current on any step sd that'eo +n 61 +m 62 = /2.
.Grimes and Shapiro considered several cases of mixing of milli-
meter waves in a Josephson junction. The cases of primary interest
to us are those in which a weak signal is applied at the frequency

2

frequency wl of a strong local oscillator. In this case the two

signals are equivalent to one applied signal which is slightly modu-

w, which is nearly equal to the fundamental (or a harmonic of) the

lated at. the low frequency w, - The theory of the heterodyne

1 2°
detector is thuslclosely reléfed to that of the video detector of
Section IV. The sensitivity of both detectors is proportional
to the differential resistance of the static I-V curve of the
Junction. This behavior is in sharp contrast to the classical
mixer respohse which is proportional to the curvature of thé I-v
curve, i.e., to the square of the differential resistance. In the

present case, we have a strong signal which is only slightly modula-

ted. This strong signal creates current steps on the I-V
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characteristic and there is a peak in thé response of the heterbdyﬁe
detector ih_the high differentiélfresistancé'region associated with each

Stép.'.We méy contrast this with the conditions found in Section IV

. where there was only one (zero voltage) step and thus only one region

. of sensitivity. The bandwidth of this heterodyne detector is, as

!

' usual, determined by the intermediate frequéncy (if) system -employed.

Grimés and Shapiro haVé vérifiéd this analyéis using mm microwave
sources and an if bandpass in the range from ~ 1 to‘lso MHz. Hetero-
dynevdetectors based on these pfinciples could be operéted’at higher
frequencies by using a far;infraréd laser source for'the local oscillator.
In a related set of.expériments, S. Shépiro18 héé studied the
mixing of an épplied rf signal with the currents iﬂ a'rééonant:junction
which flow at the cavity mode freguency. Stéps at the sum aﬁd difference
bétweén the cavity mode step and an induced rf steb'are predicted in
the Werﬁhamér—Shapiro theory and are seen experimentally; This effect
can be interpreted as a’%arametric procésé iﬁ which a step isvcreated
aéithe difference voltage by rf energy at the signal frequency which
resﬁlts from the applied rf pump and the cavity mode idler frequency;
©_ VII. THE IMPEDANCE PROBLEM
vIn order for a Josephson junction to function efficiently as a
detector of electromagnetic radiation, the pcwer incident Po in a free
space wave or waveguide of impedance Zo must be matched to the junction

so as to obtain the largest possible V2

1+ If the junction impedance is

Zl_and a perfect impedance transformer is used then

v

vV=2zp . ' - (13)
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Even in this case a large junction impedance is desirable. If the

impedance match is less than perfect, Eq. (13) must be multiplied by

ra

a power transmission factor. In the worst case of no matching

e

Z. Z . v "
Vi = )4 -———————-————l ° 5 Po. (1)"")

(Zl + Zo)

Clearly, the mgtching problem is more difficult for small values of.Zl.
The lack of a suitable high impedance Junction is the major problen.
limiting the usefulness of Josephson effect detectors. Evaporated film
(pure Josephson) junctions have a necessarily large capacitance. The
various weak link junctions'such as Dayem bridges,lo Proximity effect
bridges,lg or SNS sandwichesll also have very low impedance. Most of the
current work on detectors has used point contact Junctions.' Such
Junctions are too'deliéate to be suitable for pracﬁical detectors., For

" example, only rarely will the prOpertieé required for good detection
-sensitivity survive é temperature cycle between LK and 300K. Comparison
of the shape of tﬁe I-V curves of good point contact detectors with
theoryzovindicates that Zl is largely reéistive and of the order of 1.
This‘resistance, which can be imagined to arise from metallic short
¢circuits which carry currents larger than their superconducting critical o
current, can have large effects on the Q of a cavity coupled to the

point contacts. Of course, any frequency dependent (reactive) component

iﬁ the ;mpedance of the junction will complicate the spectral response of
broadband detectors. It is often found that the spectral response fails

off more.rapidly with frequency than is expected from Fig. 1 and Eq. (7).

It thus seems possible that capacitance in point contact junctions
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becomes important at the highest frequencies.
Point.cpntacts can be made from most aﬁy superconductor, but Nb is
perhaps the most commonly used. The usual pfdéedure is to form a point

of radius = 25 U on one Nb wire and a flat on another and to set them

‘aside for several days to oxidize. The wires are then mounted in a

‘sfable constant-force arrangément such as that shown in Fig.'12 and the

s

cbntgct ggntly made at He temperature. Ah extensive review of the‘

propertieé of superconducting point contacts is in pfess,
Séveralvteghniques have been used to couple poiht contact jungtiohs

to radiation iﬁ light pipés or resonant cavities. All of these'strUCtﬁres

are more or less resonant. The simplest procedure is to mount the points

transveréely across a waveguide or light pipe'(oversized'waveguide) so

that the E-field inducés currenfs in the junction. The guide can be
terminated non—resonantly, or with an adJustable matching pthger.
Severai fypical far—infrared cavifies are shown in Fig. 11. The mosf
useful résbnant geomeﬂries appear to be the co—axiél'résoﬁator With. |
the Junction located in the center conductor, and the Fabry-Perot resonator.
T. D. Clarkgl has studied the properties of an ;rray of point
contacts constructed ffom a layer of superconducting balls in a planar

hexégonal lattice. Despite difficulties with uniformity of the

contacts between the balls, effects have been seen which correspond to

the broadband detection of Section IV and the regenerative detection

of Section V. Thése results seem to'indicate.that the contécts are
radiativel&‘coupled so that under favorable circumstancés the voltage
bdrop can be thg same for .each of a line of contac£s in series. An
alte;native couplihglphilosophy:is to mount the junction in a conducting
loop which is fhreaded by the rf magnetic field. This'methbd has béen:

l
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less used bécauSe of the difficulty of measuring the junction current.
In spite of this difficulty the method has considerable promise and will
be discuséed in the next section.
' VIII. MAGNETIC COUPLING

One'pOtentially gseful detector geometry which has not been widely
exploited is that of a junction located in a conducting loop. Such a
loop can be inductively coupled to the rf magnetic field in a resonant
cavity. The junction must be the largest impedance in the loop in

order to induce a large V Most previbusly—used co-axial cavities do

1
not satisfy this requiremegt as the center conductor (which includes the
point’contact) is insulated from the ca?ity‘to bermit mechanical
adjustmént and dc bias measurements. The capacitive reactaﬂce of such
inSulating.sleeves is often large compared with the junction impedance.
Some impfovement may thus be expected if low impedance isolatidn capaci-
tors (such as evéporated films) ‘are used.

"The chief advantage of magnetic coupling is, however, lost if such‘
isoléfioﬁ capacitors are required. By the use of a continuous super-
conductjng loop, it is possible to couple efficiently to any of the

rugged, reliable, very low impedance weak link junctions such as the

~Dayem bridgelo or the proximity effect bridge.19 The practical advan-

tages in abandoning the fragile point contact junction seem very important.

The problems of bias and information retrieval from superconducting

Joops with weak links have been studied extensively by workers interested

23-25

in constructing static magnetometers. If the loop contains two

(3
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Jﬁnctions, constant current bias similar to that described in Sec. III

can be used. Magnetometer»development, however, has favored a loop

24,25

with a single junction. Nuclear megnetic resonance techniques are

then used to biés the ring and to measure its ac-impedance in the MHz

Efrequencyfrange. ‘The theory of the Josephson Junction developed in

'Sec. II can be used to qualitatively understand the behavior of any

weak link. The fheory is not strictly valid since Eq. (l)”shoﬁld”be
réplgced by a more general périodic function with high hérmonic content ,
but it is sufficient for our purposes. If the link is connected in é

supercohduétiﬁg loop, the static voltage Vo’ and the Josephson frequency

w_ = 0. In order to understand the effects of a static flux & (with

o

vector potential A) threading a multiply connected superconductor, the
thebry'df Sec. II must be extended to include the effecté of quantization
of thé‘can§nical momentum 2mv + 2eA/c around the loop. If.this is

done, Eq. (k) contains a factor'cos(zné/éo), that is, the critical
current of the junction is a periodic function of ¢ with a maximum
whenever ¢ is a mﬁltiple of thebflux quanfum ®o = hc/2e; From Eq. (b)

we can compute thg current Iw at the frequehcy of an induced voitage

1

Vl = ml¢l/c where ¢l is the ac flux from the measuring circuit.

2md ‘
- 1 " ond ,
le =1 Jl(—ag—J cos(wlt) cos(—ag-. o (15),.

i

This_ﬁégnetometer eéuation shows that the ac impedénce is a periodic
function of the static flux ¢ with period ¢o. We can use Eq; (15) to
describe.a magnetically coupled electromagnetic'wave deﬁector if we let
the static flux include the flux at the signal frequency .

2t and use the Bessel's function expansion described in

10
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Sec. II. Alternatively we can use the mixer equation (11) with
w, = 0 to compute the current at the measuring frequency I(wl) due to

voltages V. = wl®l/c induced by the measuring circuit and V2 = m2®2

1
induced by the signal.

2nd 2nd
_; 1 2, end
I, I, Jl( 3 ) Jo( 5 ) cos(wlt) cos( 7 (16)
1 o] o o .

. The effect of a static flux ¢ has been included for completeness.
Notice that Eq. (16) describes a broadband détector since w2 does not
appeér. Various types of narrow band detectors could, of course, be
constructed by measuring the current at some frequency nwl * mw2.
IX. CONCLUSIONS

Supercénducting Josephson effect detectors for the millimeter
wave aﬁd far infrared‘frequency regions are in an early stage of dévelop—
ment. The feasibility of several types of detectors has been proved
using point contact Junctions which have poor mechanical properties.
These éxperiments have generally been limited by noise from the
Junction, notably from fluctuations in the trapped magnetic flux. The
most important outstanding problem is obtaining good coupling between
the Junction and the rf fields. A good coupling scheme would permit
the use of the rugééd quiet Dayem bridge or other low impedance Jjunction.

The importance of improving the coupling can be illustrated by
cbnsidering the dc magnetometers currently construc’cedgS from a super-
conducting loop of mm dimensions containing a single Dayem bridge. A
field sgnsitivity of ~ 10°10 gauss is obtained in a one Hz bandwidth

and the limiting noise comes from the external circuit. If the magnetic

field from an electromagnetic wave were efficiently coupled to such a
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magnetométer, a millimeter wave detector with a power sensitivity of
-20 iz ' ’ X . '
~ 10 W/VHz would result. This number is very much better than the
. ) . ' -13 ' . .
current results of ~ 10 W//Hz for the analogeus broadband point

1k

' contact detector of Sec. IV and the”< 10~ 'W//Hz'for the regenerative

i
1

detector of Sec. V.
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FIGURE CAPTIONS

1. Riedel Singulariﬁy. In the abéence of fréquency dependent
effects in the impedance matching, the spectral resﬁonse of broad—
band detector should Ffeflect this -singularity.

2. Current-voltage characteristic of a Nb point contact Junction
coupled to varying amoﬁnts of rf power at 24 GHz. The power is
zero for the lowest curve. The higher curves were obtained for

an increasing power parameter.

3. Two methéds of extracting a signal from a step on the junction
I-V curve. The (square wave) modulated rf signal causes the I-V
curve ‘to juﬁp between the solid and broken curves. (a) The
conventional constant cufrént bias method in which a modulated
voltage proportional to.the differential resistance is obtained.

(b) The suggested voltage bias method in which a constant applied

‘voltage bias équal to the step voitage has a small ac modulation.

The ac current signai is amplitude modulated by the rf signal.

4. Spectral response of broadband detector from Ref. 12. Response

is dominated by resonances in the nominally non-resonant surroundings
of the point contacts shown in Fig. 11(D).

‘5. Spectral response of a broadband detector from Ref. 16. Some

of the response peaks are due to identifiable resonances in the
co-axial cavity of the type shown in Fig. 11(B).

6;' Schematic of regenerative receiver circuit which is analogous

to thé regenerative Josephson detector. The cavity is represented by a
bend pass filter wifh frequency wo and quality factor Qo' If the

loop gain GL approaches unity the response is feedback narrowed
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so that Qg >> Q-

T. Calculated spectral response of.thg'regeﬁérative detector from
Ref. l6. The.cu;ve_for T =-O is the Lorentzian fééonance of thé
pavity. Fof larger valueé of f, tﬁe feedback harrowing is clearly
seen. |
8.I"Cﬁaract¢ristics of a junction coupled to a resonant cavity from

Ref. 16. The cavity resonance corresponds to ~ 390 uV; (a) Direct

current, (b) differential resistance (c) response to blackbody

radiation.

9. Measured spectral response of the regénerative detéctor from;
Ref. 16, showing feedback narrowed response peak.

10. Cﬁrreht VOItgge characteristic of a Nb point contact junctidn
céupléd to vérying amounts of rf power at two closely spaced rf

ffequencies'(Gh GHz and 72 GHz) from Ref. 17. Extra steps due to

‘mixing are clearly seen.

1l. Various cavities used for coupling infrared radiation to point
contacts from Ref. 16.

12. Apparatus for holding and adjusting point contgcts at He
tgmpgrature ffpm.Ref. 16. The Nb wires Sl and éé are ﬁounted by a
scréy C‘throggh insulaﬁingvblocks I to a stiff yoke. The yoke is

deformed so as to adjust the contact by a differential screw D with '

nuts N. Radiation reaches the contact via light'pipe L and foéusing

cone F.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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